ABSTRACT: It has become increasingly apparent within the last several years that unusual N-formylated sugars are often found on the O-antigens of such Gram negative pathogenic organisms as Francisella tularensis, Campylobacter jejuni, and Providencia alcalifaciens, among others. Indeed, in some species of Brucella, for example, the O-antigen contains 1,2-linked 4-formamido-4,6-dideoxy-α-D-mannosyl groups. These sugars, often referred to as N-formylperosamine, are synthesized in pathways initiating with GDP-mannose. One of the enzymes required for the production of N-formylperosamine, namely, WbkC, was first identified in 2000 and was suggested to function as an N-formyltransferase. Its biochemical activity was never experimentally verified, however. Here we describe a combined structural and functional investigation of WbkC from Brucella melitensis. Four high resolution X-ray structures of WbkC were determined in various complexes to address its active site architecture. Unexpectedly, the quaternary structure of WbkC was shown to be different from that previously observed for other sugar N-formyltransferases. Additionally, the structures revealed a second binding site for a GDP molecule distinct from that required for GDP-perosamine positioning. In keeping with this additional binding site, kinetic data with the wild type enzyme revealed complex patterns. Removal of GDP binding by mutating Phe 142 to an alanine residue resulted in an enzyme variant displaying normal Michaelis−Menten kinetics. These data suggest that this nucleotide binding pocket plays a role in enzyme regulation. Finally, by using an alternative substrate, we demonstrate that WbkC can be utilized to produce a trideoxysugar not found in nature.
The pathway for the biosynthesis of 4-formamido-4,6-dideoxy-D-mannose, hereafter referred to as N-formylperosamine, was proposed in 2000 and is outlined in Scheme 2. 6 Note that N-formylperosamine is synthesized as a GDP-linked derivative before it is appended to the O-antigen chain. Given our recent research interest in N-formyltransferases involved in unusual sugar biosynthesis, 7−12 we were especially intrigued by the enzyme WbkC, which catalyzes the last step in the formation of N-formylperosamine, namely, the transfer of a formyl group from N 10 -formyltetrahydrofolate to GDP-4-amino-4,6-dideoxymannose (abbreviated as GDP-perosamine). For reader clarity, the structure of N 10 -formyltetrahydrofolate is provided in Scheme 3. In addition, the structure of N 5 -formyltetrahydrofolate, a stable cofactor analogue used in this investigation, is also shown. Importantly, loss of activity of WbkC results in a bacterial strain with attenuated pathogenicity, and thus the threedimensional structure of WbkC could serve as a scaffold for structure-based drug design. 13 Here we report four X-ray structures of WbkC that were determined to address the active site architecture of this fascinating sugar N-formyltransferase. In addition, a detailed kinetic analysis was conducted to assess the enzymatic activity of WbkC. Finally, we provide data demonstrating that WbkC not only functions on GDP-perosamine, but also on the alternative substrate GDP-3-deoxyperosamine, thereby allowing for the in vitro production of an unusual sugar not normally encountered in nature.
■ MATERIALS AND METHODS
Cloning, Expression, and Purification of Wild Type WbkC. The gene encoding WbkC from B. melitensis was synthesized by DNA2.0 for optimized Escherichia coli codon usage. It was provided in a pJ411 expression plasmid that ultimately leads to a protein with an N-terminal poly-histidine tag possessing a TEV protease cleavage site. This plasmid was utilized to transform Rosetta(DE3) E. coli cells (Novagen). The cells harboring the pJ411-wbkC plasmid were grown with shaking at 37°C in lysogeny broth supplemented with kanamycin (50 mg/L) and chloramphenicol (50 mg/L). When the optical density reached 0.8 at 600 nm, the flasks were cooled in an ice water bath. Following the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside, the cells were allowed to express protein at 16°C for 18 h.
WbkC was purified by standard procedures using Ni-nitrilotriacetic acid resin. Following purification, TEV protease was added in a 1:30 molar ratio, and the reaction was dialyzed at 4°C against 50 mM sodium phosphate, 300 mM sodium chloride, and 20 mM imidazole (pH 8.0) for 36 h. Uncleaved protein and the TEV protease were removed by passage over Ni-nitrilotriacetic acid resin. The tag-free protein was dialyzed against 10 mM Tris (pH 8.0) and 200 mM NaCl and concentrated to approximately 11 mg/mL based on the calculated extinction coefficient of 1.11 (mg/mL)
. To express selenomethionine-labeled WbkC, the E. coli Rosetta(DE3) cells containing the pJ411-wbkC plasmid were grown in M9 minimal media at 37°C supplemented with kanamycin (50 mg/L) and chloramphenicol (50 mg/L) to an optical density of 0.9 at 600 nm. 100 mg/L each of L-lysine, L-threonine, and L-phenylalanine, and 50 mg/L each of L-leucine, L-isoleucine, L-valine, and L-selenomethionine were added to the cultures. After 20 min of additional growth, the cells were cooled in an ice water bath for 20 min. Following the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside, the cells were allowed to express protein at 16°C for 18 h. The protein was purified and concentrated as described for the wild type enzyme.
Initial X-ray Structural Analysis. Crystallization conditions were surveyed by the hanging drop method of vapor diffusion using a sparse matrix screen developed in the Holden laboratory. Experiments were conducted at both room temperature and at 4°C with either the apoprotein or with the protein in the presence of GDP and N -formyl-THF complex grew at room temperature after 3−4 weeks from 12−15% poly(ethylene glycol) 8000, 2% 2-methyl-2,4-pentanediol, 5 mM GDP, 5 mM N 5 -formyl-THF, and 100 mM Homo-PIPES (pH 5.0). The crystals belonged to the space group P4 3 2 1 2 with unit cell dimensions of a = b = 66.5 Å and c = 235.9 Å.
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The asymmetric unit contained one dimer. Prior to X-ray data collection, the crystals were transferred to solutions composed of 25% poly(ethylene glycol) 8000, 2% 2-methyl-2,4-pentanediol, 350 mM NaCl, 5 mM GDP, 5 mM N 5 -formyl-THF, and 100 mM homo-PIPES (pH 5.0). Crystals of the selenium-labeled protein were similarly prepared.
X-ray data to 2.3 Å resolution from the selenium-labeled protein crystals were collected at the Structural Biology Center beamline 19-BM at a peak wavelength of 0.9794 Å (Advanced Photon Source). The X-ray data were processed and scaled with HKL3000.
14 The structure was solved via single wavelength anomalous dispersion phasing. Twelve of the 18 possible selenium atoms were located using the software package SOLVE. 15 The resulting electron density map was further improved by 2-fold averaging and solvent flattening with RESOLVE and allowed for an initial model of WbkC to be built. 16 X-ray data to 1.9 Å resolution from a crystal of the wild type protein were subsequently collected in-house at 100 K using a Bruker AXS Platinum 135 CCD detector controlled with the Proteum software suite (Bruker AXS Inc.). The X-ray source was Cu Kα radiation from a Rigaku RU200 X-ray generator equipped with Montel optics and operated at 50 kV and 90 mA. These X-ray data were processed with SAINT (Bruker AXS Inc.) and internally scaled with SADABS (Bruker AXS Inc.). Using this data set, the initial WbkC model was subjected to alternating cycles of manual model building with COOT and refinement with REFMAC. 17, 18 Site-Directed Mutagenesis and Subsequent Structural Analyses. The first structure solved of WbkC employed crystals grown at pH 5.0. There were many breaks in the electron density map corresponding to surface loops. In an effort to grow better crystals at a higher pH value, the following surface mutations, based on observed crystalline contacts, were constructed: E68A, D78A, R94A, E68A/D78A, E68A/R94A, D78A/R94A, and E68A/D78A/R94A. These site-directed mutant proteins, as well as all others in this study, were prepared via the Stratagene QuikChange method.
Only the D78A mutant protein produced crystals that could be grown at a higher pH value. Specifically, the crystals were obtained from hanging drop experiments at room temperature against solutions composed of 18−22% poly(ethylene glycol) 5000, 5 mM GDP, 5 mM N 5 -formyl-THF, and 100 mM MES (pH 6.0). Prior to X-ray data collection, the crystals were transferred to solutions composed of 29% poly(ethylene glycol) 5000, 300 mM NaCl, 15% ethylene glycol, 5 mM GDP, 5 mM N 5 -formyl-THF, and 100 mM MES (pH 6.0). The crystals belonged to the space group P4 3 2 1 2 with unit cell dimensions of a = b = 65.9 Å and c = 233.1 Å. The asymmetric unit contained one dimer. The structure was solved by molecular replacement with the software package PHASER and using as the search model the WbkC structure determined from crystals grown at pH 5.0. 19 This new model was refined to 1.7 Å resolution by alternating cycles of manual manipulation with COOT and refinement with REFMAC.
As will be described in Results and Discussion, two additional site-directed mutant proteins were constructed, namely, the C47A and the F142A variants. Crystals of the C47A variant grew at room temperature from 19−25% poly(ethylene glycol) 5000, 5 mM GDP-perosamine, 5 mM N 5 -formyl-THF, and 100 mM MOPS (pH 7.0). The required GDP-perosamine was prepared as previously described. 20 Prior to X-ray data collection, the crystals were transferred to solutions composed of 30% poly(ethylene glycol) 5000, 300 mM NaCl, 15% ethylene glycol, 5 mM GDP-perosamine, 5 mM N 5 -formyl-THF, and 100 mM MOPS (pH 7.0). The crystals belonged to the space group P4 3 2 1 2 with unit cell dimensions of a = b = 65.9 Å and c = 234.7 Å and one dimer in the asymmetric unit. The structure was solved by molecular replacement and refined to 2.2 Å resolution.
Crystals of the F142A mutant variant were grown at 4°C from 13−15% poly(ethylene glycol) 5000, 2% glycerol, 5 mM GDPperosamine, 5 mM N 5 -formyl-THF, and 100 mM MES (pH 6.0). They belonged to the space group P2 1 2 1 2 1 with unit cell dimensions of a = 67.3 b = 68.0 Å, and c = 236.0 Å. The asymmetric unit contained two dimers. Prior to X-ray data collection, the crystals were transferred to solutions composed of 24% poly(ethylene glycol) 5000, 15% glycerol, 300 mM NaCl, 5 mM GDP-perosamine, 5 mM N 5 -formyl-THF, and 100 mM MES (pH 6.0). The structure was solved by molecular replacement and refined to 2.2 Å.
To determine the structure of the F142A protein/N 10 -formyl-THF/GDP-perosamine ternary complex, the F142A crystals were soaked in a solution composed of 19% poly(ethylene glycol) 5000, 5 mM N 10 -formyl-THF, 5 mM GDP-perosamine, and 100 mM MES (pH 6.0). The solution was exchanged four times to ensure removal of N 5 -formyl-THF. Soaked crystals were subsequently transferred to solutions composed of 30% poly(ethylene glycol) 5000, 2% isopropanol, 15% glycerol, 300 mM NaCl, 5 mM GDP-perosamine, 5 mM N 10 -formyl-THF, and 100 mM MES (pH 6.0). The crystals belonged to the space group P4 3 2 1 2 with unit cell dimensions of a = b = 66.8 Å and c = 235.9 Å. The asymmetric unit contained one dimer. The structure was solved by molecular replacement, and the model was refined to 2.2 Å resolution. The N 10 -formyl-THF cofactor was prepared as previously described. 7 Relevant X-ray data collection and model refinement statistics for all of the structures are provided in Tables 1 and 2 , respectively.
Kinetic Analyses. In general, the kinetic constants for WbkC with GDP-perosamine and N
10
-formyl-THF were determined via a discontinuous assay using an AKTA HPLC system. The reaction rates were measured by calculating the amount of 
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Article formylated product (GDP-N-formylperosamine) produced on the basis of the peak area at 253 nm. The area was correlated to concentration via a calibration curve created with standard samples that had been treated in the same manner as the reaction aliquots. Specifically, the kinetic parameters were measured at room temperature using 1 mL reaction mixtures containing 5 mM N 10 -formyl-THF, 50 mM HEPPS (pH 8.0), 0.17 μM enzyme, and substrate concentrations ranging from 0.025 mM to 10.0 mM GDP-perosamine. Four 250 μL aliquots were taken at time points of 0, 30, 60, and 90 s. The reactions were quenched by the addition of 6 μL of 6 M HCl. Afterward, 200 μL of carbon tetrachloride was added, the samples were vigorously mixed and spun at 14000g for 2 min, and 200 μL of the aqueous phase was taken for subsequent analysis via HPLC. The samples were diluted with 2 mL of water and loaded onto a 1 mL ResQ column. The products were quantified after elution with a 10-column volume gradient from 0 to 400 mM LiCl (pH 4.0, HCl). The D78A variant, which is referred in this paper as wild type for the sake of clarity, displayed similar kinetic properties/parameters (unpublished data).
The kinetic constants for D78A/F142A variant with GDP-perosamine and N 10 -formyl-THF were determined in an analogous manner. The enzyme concentration utilized was 0.52 μM and substrate concentrations ranged from 0.02 to 4.0 mM GDP-perosamine. Kinetic parameters were as follows:
. Analysis of the Product Using GDP-3-deoxyperosamine as a Substrate. One milliliter reactions composed of 1 mg/mL enzyme, 1 mM GDP-perosamine (or 1 mM GDP-3-deoxyperosamine), 2 mM N 10 -formyl-THF, and 50 mM HEPPS (pH 8.0) were allowed to incubate at 37°C overnight.
The enzymes were removed via filtration through a 10 kDa membrane. The reaction mixtures were diluted 10-fold with water, and the reaction products resolved via anion exchange chromatography (1 mL ResQ, 0−1 M ammonium acetate (pH 4.0), 15 column volume gradient). Electrospray ionization mass spectral analyses of the substrates and products were performed at the University of Wisconsin Biotechnology Mass Spectroscopy Facility. The GDP-3-deoxyperosamine substrate was prepared as previously described. 20 ■ RESULTS AND DISCUSSION Initial X-ray Model of WbkC. The structure of the apo-form of WbkC was first determined to 1.9 Å resolution using crystals grown at pH 5.0. Due to the lack of bound ligands, however, there were numerous regions in the electron density map that were disordered. In addition, experience has shown that the low pH employed for crystallization probably would hinder the subsequent investigation of ligand/protein interactions, or even more importantly result in artifactual ligand binding. On the basis of this preliminary model, and in light of crystal packing considerations, various surface mutations were constructed via sitedirected mutagenesis. Ultimately, the surface mutation, D78A, allowed for crystals of WbkC to be grown at pH 6.0, which yielded an electron density map with fewer breaks. Thus, the following discussion refers to the D78A mutant variant, which for this investigation will be considered "wild type." Note that the position of the mutation is well over 20 Å from the active site pocket.
The crystals utilized in the X-ray analysis of WbkC at pH 6.0 belonged to the space group P4 3 2 1 2 and contained a dimer in the asymmetric unit. In keeping with the packing of the asymmetric unit, gel filtrations experiments demonstrated that WbkC migrates as a dimer (data not shown). A ribbon representation . The density shown is from an omit map contoured at ∼2σ. The map was calculated with coefficients of the form (F o − F c ), where F 0 was the native structure factor amplitude and F c was the calculated structure factor amplitude. Note that the map was calculated before the ligands had been included in the X-ray coordinate file, and thus there is no model bias. A stereoview of the WbkC subunit is presented in (c).
This figure and Figures 3, 5, 7 , and 8 were prepared with PyMOL. of the dimer, which has overall dimension of ∼43 Å × 87 Å × 63 Å, is displayed in Figure 1a . The model was solved to a nominal resolution of 1.7 Å and refined an overall R-factor of 18.7%. The total buried surface area upon dimerization is ∼3000 Å 2 and is formed by the first, second, and six α-helices of each subunit defined by Leu 16 to Gly 27, Cys 47 to Leu 55, and Ala 161 to Asp 184, respectively.
The electron density map clearly revealed the presence of a disulfide bridge formed between Cys 47 from each subunit. Although WbkC was crystallized in the presence of GDP and N 5 -formyl-THF, only fragments of these ligands could be modeled into the observed electron densities. Shown in Figure 1b is the electron density corresponding to these fragments as observed in Subunit 2. Surprisingly, in addition to the GDP and N 5 -formyl-THF fragments, a third peak of electron density corresponding to guanine was observed binding in Subunit 2 (Figure 1b) . Most likely it was a contaminant of the GDP solutions utilized in the investigation. As discussed below, the position of the guanine marks where the GDP-sugar substrate ultimately binds. Electron densities for the guanine ring as well as for the N 5 -formyl-THF fragment were also observed in Subunit 1, but there was no density for the GDP fragment.
WbkC contains 259 amino acids. 21 The polypeptide chain for Subunit 1 extends from Ala 2 to Ser 252 with a break between Leu 235 and Tyr 242, whereas the polypeptide chain for Subunit 2 is continuous from Ala 2 to Ser 246. The α-carbons for the two subunits of the dimer superimpose with a root-mean-square deviation of 0.3 Å. As such, the following discussion will refer only to Subunit 2 given that the polypeptide chain was continuous from the N-to C-terminus.
A stereoview of the ribbon representation for Subunit 2 is presented in Figure 1c . The overall architecture of the subunit is dominated by a seven-stranded mixed β-sheet that is flanked on one side by two α-helices and on the other by three α-helices, one of which is quite long (Ala 161 − Asp 184). In addition to these secondary structural elements, there are two additional α-helices and a β-hairpin containing a Type I′ turn. The observed break in Subunit 1 occurs in the β-hairpin motif. Two cis prolines are present at positions 112 and 229. The cis proline located at position 112 is part of a conserved signature sequence of HxSLLPKxxG, first identified in an N-formyltransferase (ArnA) from E. coli.
22
In WbkC, the sequence is HPSLLPAYRG with these residues adopting a random coil conformation that connects β-strand five to α-helix five. The second cis proline at 229 is not strictly conserved among the sugar N-formyltransferases. It is located in the random coil defined by Phe 226 to Ala 233, which connects α-helix seven to β-strand eight. This random coil region is proline-rich with a sequence of FFPPFPPA, and the conformation is such that it projects the side chains of Phe 227 and Phe 230 over the guanine moiety (Figure 1c) .
Kinetic Analyses. As is evident in Figure 2a , the steady-state kinetic behavior of WbkC is complex. Substrate inhibition by GDP-perosamine is evident above 250 μM; the velocity does not decrease to zero at high concentrations, indicating that the substrate inhibition is partial. The experimentally determined initial velocities were fitted to eq 1:
This equation describes partial substrate inhibition caused by the binding of a second substrate molecule. In the present case, this represents binding of GDP-perosamine to the WbkC·N 10 -formyl-THF·GDP-perosamine ternary complex, and K i is its dissociation constant. When there is no cooperativity between the two subunits, n has a value of 1. The model presumes that the inhibitory complex is not inactive, but causes the reaction to follow an alternate pathway to product formation, whose maximal velocity is described by V′ max .
There are too many parameters in eq 1 for the data to be fitted unequivocally, however. To simplify the analysis, we analyzed the data obtained at very low substrate concentrations independently. Initial velocity kinetic data for the wild type WbkC reaction. Shown in (a) is the complete data set fitted to eq 1, as described in the text. The dotted purple line illustrates the fit to the model with no cooperativity (n = 1). The solid red line shows the best fit, which yielded a value of 1.5 for n. Shown in (b) is the limited data set that was fitted to the Michaelis−Menten equation to estimate a value for V max .
Biochemistry
Article
The velocities obtained when GDP-perosamine was varied between 50 μM and 260 μM fit very well to the Michaelis− Menten equation and yielded values of 4.56 ± 0.10 μM/s for V max and 184 ± 8 μM for K m (Figure 2b ). We assumed a value of 0.8 μM/s for V′ max , based on inspection of the experimental data, and fitted the data set to eq 1, also setting V max as a fixed parameter with a value of 4.6 μM/sec. A reasonable fit to the data was obtained, with values of 140 ± 20 μM for K m and 310 ± 40 μM for K i . The close agreement between the values determined for K m from fitting the limited data set to the Michaelis− Menten equation and from fitting the entire data set to eq 1 is noteworthy. However, systematic deviations between the experimental data and the fit are evident. We therefore explored whether a model in which cooperativity between the two subunits was allowed; i.e., the concentration terms in eq 1 were raised to an exponent. Figure 2a shows that the data are fitted very well by a model that incorporates modest cooperativity, described by a Hill coefficient of 1.50 ± 0.05. From this analysis, values of 50 ± 5 μM and 190 ± 10 μM were determined for K m and K i , respectively. Further evidence for cooperativity was provided by the kinetic analysis of the F142A mutant protein as described below.
Substrate inhibition usually arises from the binding of two molecules of the same substrate. The present structural analysis provides a strong suggestion that the second binding site is in the vicinity of F142, which is at one end of the active site cleft. It is possible that binding of a second GDP-perosamine interferes with product release, leading to a reduced V max .
Additional Structures of WbkC. Whereas the initial structural analysis of WbkC allowed for its overall tertiary and quaternary structure to be described, details regarding its active site architecture were missing given that only fragments of GDP and N 5 -formyl-THF were observed in the electron density map. There was also concern that the disulfide bridge formed between the two subunits of the dimer might have affected ligand binding. As such, the site-directed mutant variant, C47S, was subsequently constructed. Crystals of this mutant protein, grown in the presence of GDP and N
5
-formyl-THF, also belonged to the space group P4 3 2 1 2 with the asymmetric unit containing a dimer. The model was refined to 2.2 Å resolution with an overall Rfactor of 18.9%. The α-carbons between the wild type and the C47S mutant variant superimpose with a root-mean-square deviation of 0.2 Å, suggesting no major conformational changes occurred upon formation of the disulfide bridge during the crystallization process. In this structure, however, GDP was observed binding to Subunit 2 in the same region where the guanine ring was located in the original model. In addition, fragments of N 5 -formyl-THF and GDP were also observed. Only GDP and a fragment of N 5 -formyl-THF were observed binding to Subunit 1.
A close-up stereoview of the ligand binding pocket is presented in Figure 3 . The guanine ring of the GDP moiety is surrounded on one side by Leu 203 and on the other by Phe 230. It is also hydrogen bonded to a water molecule and the carbonyl oxygen of Met 225. The side chains of Arg 45 and Arg 88, as well as two water molecules and the backbone amide group of Asn 118, serve to anchor the pyrophosphoryl group into the active site cleft. With respect to the GDP fragment, the side chains of Phe 142 and Asp 143 play key roles in ligand positioning. Given the close approach of the side chain of Asp 143 to the GDP fragment, it can be concluded that it is protonated. This may be a function of the pH at which the crystals were obtained.
Our previous investigations on sugar N-formyltransferases have demonstrated that the p-aminobenzoic acid moiety of the -formyl-THF cofactor occupies the region where the GDP fragment binds. In light of this result, and in keeping with the unusual kinetics displayed by the wild type enzyme, it was postulated that this additional binding site perhaps functions in a regulatory role. In order to address this hypothesis, the sitedirected mutant variant, F142A, was subsequently constructed, and the protein was crystallized in the presence of GDP and N
-formyl-THF. Crystals of the F142A mutant protein belonged to the space group P2 1 2 1 2 1 with two dimers in the asymmetric unit. The model for the F142A variant was refined to 2.2 Å resolution with an overall R-factor of 20.5%. The electron densities for the polypeptide chains of Subunits 2, 3, and 4 were continuous, whereas that for Subunit 1 had a break between Ile 237 to Tyr 242. The four subunits in the asymmetric unit superimpose with root-mean-square deviations of between 0.3 to 0.6 Å. In all cases, the GDP fragments were missing, and in their positions were electron densities corresponding to the 2-amino-4-oxo-5-formyl-6-methylpteridine and p-aminobenzoic acid groups of the N 5 -formyl-THF ligands. The F142A mutant variant did not exhibit substrate inhibition, but did display kinetic behavior expected for an enzyme with modest cooperativity (Figure 4) . The best fit of the experimental data yielded values of 259 ± 5 μM/s for V max and 400 ± 20 μM for K m . It is noteworthy that the Hill coefficient determined in this analysis was 1.4 ± 0.1, closely matching the value determined for the wild type enzyme.
Structure of the Ternary Complex of WbkC. In an attempt to produce a ternary complex of WbkC in the presence of N 10 -formyl-THF and GDP-perosamine, the F142A crystals were soaked in solutions containing 10 mM concentrations of both ligands. Clear density was observed in both subunits for the N 10 -formyl-THF cofactors. This represents only the second time in which the catalytically competent cofactor has been seen binding to an N-formyltransferase. The first observation was during our structural investigation of a sugar N-formyltransferase from Campylobacter jejuni. 7 In Subunit 2 only GDP could be modeled into the electron density, whereas in Subunit 1 there was weak density for the perosamine group. A close-up view of the active site with N 10 -formyl-THF and GDP-perosamine (Subunit 1) is presented in Figure 5 . There are three residues, Asn 105, His 107, and Asp 143, that are strictly conserved among the N-formyltransferases. Mutation of any of these residues, for example, in the case of the C. jejuni N-formyltransferase, results in complete loss of enzymatic activity. 7 The N 10 -formyl-THF cofactor is anchored in place by hydrogen bonds to backbone amide and carbonyl groups and two water molecules. With respect to the GDP-perosamine ligand, the guanine ring is surrounded by Leu 203 and Phe 230 and lies within 3.2 Å to the carbonyl oxygen of Met 225 and two waters. Four additional water molecules interact with the substrate. The guanidinium groups of Arg 45 and Arg 88 interact with the α-phosphoryl group of the substrate. The electron density for the perosamine ring was weak, but it appears that there are no hydrogen bonding interactions between it and the protein. Importantly, the distance between the pyranosyl C-4′ amino group and the carbonyl carbon of the N 10 -formyl-THF cofactor is 4.2 Å, and it is nearly 7 Å from His 107, which is thought to be the catalytic base. Most likely the GDP-sugar bound in a nonproductive conformation perhaps due to the lower pH at which the crystals were grown.
Production of a Novel GDP-linked Sugar. Given the lack of observed protein interactions with the C-3′ hydroxyl group of the GDP-perosamine substrate, we next tested whether WbkC could function on GDP-3-deoxyperosamine in our continued attempts to provide a "molecular toolbox" for the enzymatic synthesis of new di-and trideoxysugars. Shown in Figure 6a is the mass spectrum of the WbkC natural substrate, GDP-4-amino-4,6-dideoxymannose. The peak at 587.0916 corresponds to the substrate. In Figure 6b , the mass spectrum is shown following incubation of WbkC with GDP-4-amino-4,6-dideoxymannose. The peak at 615.0864 corresponds to the formylated product (addition of the expected 28 amu). The mass spectrum for GDP-3-deoxyperosamine should demonstrate a peak at 571, due to the loss of the hydroxyl group, and indeed that is the case for our starting substrate as displayed in Figure 6c . Upon incubation of WbkC with GDP-3-deoxyperosamine, a peak is observed at 599.0928 (Figure 6d) , which corresponds to the addition of a formyl group.
Comparison with Other Sugar N-Formyltransferases. The first structural investigation of a sugar N-formyltransferase, namely, ArnA from E. coli, was reported back in 2005. 22, 24, 25 This enzyme does not, however, produce a formylated sugar ultimately found on the O-antigen; rather formylation of the sugar is thought to be an obligatory step in the modification of lipid A with 4-amino-4-deoxy-L-arabinose. 26 There was a hiatus of investigations on sugar N-formyltransferases until 2013 when the structure of WlaRD from C. jejuni was reported. 7, 12 This enzyme catalyzes the formylation of either dTDP-3-amino-3,6-dideoxyglucose (dTDP-Qui3N) or dTDP-3-amino-3,6-dideoxygalactose (dTDP-Fuc3N). Its natural substrate in vivo is presently ). A ribbon representation of WlaRD is displayed in Figure 7a . Following this investigation, the three-dimensional structures of two additional N-formyltransferases from Pseudomonas alcalifaciens O40 and Salmonella enterica O60 were reported. 9, 27 These enzymes, referred to as QdtF and FdtF, function specifically on dTDPQui3N and dTDP-Fuc3N, respectively. Surprisingly, these two enzymes contained, in addition to the canonical N-formyltransferase folds, ankyrin repeats at the C-terminal regions that housed additional dTDP-sugar binding pockets. It is thought that the ankyrin repeats play an allosteric role. A ribbon representation of QdtF is presented in Figure 7b . As can be seen, the ankyrin repeats splay away from the main body of the dimer. With the exception of these ankyrin repeats, however, the threedimensional architectures of the N-formyltransferases that function on dTDP-linked 3-amino sugars are similar.
There are additional structures of N-formyltransferases now known, namely, WbtJ and VioF from Francisella tularensis and P. alcalifaciens O30, respectively. 8, 10 These enzymes function on dTDP-4-amino-4,6-dideoxyglucose (dTDP-Qui4N). Whereas their overall active site architectures are similar to WlaRD, QdtF, and FdtF, their quaternary structures are remarkably different as can be seen in the ribbon representation for VioF in Figure 7c .
Given that the substrate for WbkC, the focus of this investigation, is a GDP-linked 4-amino sugar, it might have been anticipated that it would adopt a similar quaternary structure to that observed for WbtJ and VioF. As can be seen by comparing Figure 1a and Figure 7c , the quaternary structures of WbkC, WbtJ, and VioF are unmistakably different. Indeed, the WbkC structure reported here represents yet another example of how sugar N-formyltransferases form functional dimers. Shown in Figure 8 is a superposition of the ribbon representations for WlaRD, VioF, and WbkC. The N-terminal domains of each protein display the same three-dimensional architectures. The differences in quaternary structures arise primarily from the divergence of the polypeptide chains in the C-terminal regions. The α-carbons for WbkC and VioF superimpose with a rootmean-square deviation of 1.9 Å for 205 target pairs, whereas those for WbkC and WlaRD correspond with a root-meansquare deviation of 1.5 Å for 208 target pairs. Note that the positions of the cofactors and the three catalytic residues (Asn 105, His 107, and Asp 143 in WbkC) in all these enzymes are decidedly similar. Both Asn 105 and His 107 are positioned on the fifth β-strand of the subunit, and Asp 143 is located in the loop connecting the sixth and seventh β-strands. In conclusion, the research described here on WbkC provides new molecular insight into the intriguing sugar N-formyltransferases. The quaternary structure of WbkC was completely unexpected as was the additional binding pocket for a GDP-based ligand. The complex kinetic patterns displayed by WbkC suggest a degree of cooperativity between the two subunits, which has not been previously observed for other family members. Finally, we show that WbkC can function on GDP-3-deoxyperosamine as well as on GDP-perosamine, thereby providing an enzymatic method for producing a novel trideoxysugar.
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